Haemophilus inzuenzae type b strains isolated from children with meningitis, septicaemia and pharyngitis were studied for their ability to undergo genetic transformation by two chromosomal markers, streptomycin resistance and nalidixic acid resistance. Fifty-eight percent of the strains were non-transformable while the remaining 42% showed considerable strain variation with regard to their transformation frequencies, which ranged from 8 x to 1 x
INTRODUCTION
Genetic transformation in Haernophilus inzuenzae was first described by Alexander & Leidy (1950) . Since then this system has been one of the models used for studying the mechanism of DNA transformation (Smith & Danner, 1981; Goodgal, 1982) . Other genera that possess efficient, genetically determined mechanisms for DNA transformation include Streptococcus, Bacillus and Neisseria. Recent investigations have revealed many interesting features of the transformation process in H. inzuenzae at both the cellular and molecular level (Kahn & Smith, 1984) . Despite the significant progress in this field very little is known about the biological role of transformation. Most studies on DNA transformation in Haemophilus have been done with a single highly transformable non-encapsulated avirulent strain, Rd, derived from H. inzuenzae type d (Alexander & Leidy, 1951) . Transformation assays have usually been performed under strictly defined experimental conditions. It is difficult to imagine that similar conditions would occur in nature. H. injluenzae strains isolated from patients with meningitis and sepsis are usually encapsulated (Turk, 1981) . Of the six capsular serological types (a through f), strains that possess the type b capsule have been found to be the major cause of systemic infections in children. No detailed information on the transformability of an extended number of encapsulated clinical isolates of H. influenzae is available, neither has the effect of type b capsule on DNA transformation been studied. Furthermore, little is known about the possible role of DNA transformation in the transfer of antimicrobial resistance or in the pathogenesis of infections caused by this organism. In an attempt to answer some of the above questions, we have initiated studies on the ability of clinical isolates of H. inzuenzae to undergo genetic transformation. In addition, we have compared transformation activity in both encapsulated and non-encapsulated strains and studied the relationship between transformability and other biological features such as drug resistance, biotype and site of infection.
were non-transformable (transformation frequency of < lo-*), while 13 strains were able to undergo genetic transformation at frequencies ranging from 8 x loe4 to 3 x for the Nalr marker and 6 x for the Strr marker (Table 1) . Each experiment was repeated three times with different batches of competent cells. Differences in transformation frequencies were not greater than a factor of two to three. Using the same preparation of competent cells, transformation efficiency to streptomycin resistance was about two-to threefold lower than to nalidixic acid resistance. A similar ratio between these two markers was found in H. infruenzae Rd.
Because of the relatively low level of competence in encapsulated H. injluenzae type b strains, we attempted to determine whether competence occurred only in occasional cells that had either lost their capsules or contained defective capsules. Transformation frequencies of the wild-type clinical isolates were compared with those of transformants after one round of transformation. If transformation only occurred in capsule-deficient variants, an increase in transformation frequency would be expected during a second round of transformation. Thus, Strr transformants were tested for transformation efficiencies using the Nal* marker. The corresponding wild-type isolates were used as controls. Transformation frequencies to Nalr were similar for wild-type isolates and their Strr transformants ( Table 2 ), indicating that the two cell types possess equal potential to become competent. The presence of capsule in the transformants was confirmed by a positive agglutination test with type b antiserum and by colony iridescence. The donor activity of the DNA preparations obtained from five transformable and five nontransformable clinical isolates of H. influenzae was tested by using the highly transformable strain of H. inzuenzae Rd as a recipient. All DNA preparations were efficient donors for both the Strr and Nalr markers (Table 3 ). This suggested that the lack of transforming ability in some clinical isolates was not due to poor donor activity. Eflect of type b capsule on DNA transformation To study the effect of type b capsule on DNA transformation, non-encapsulated variants were selected from encapsulated transformable and non-transformable clinical isolates. Transformation frequencies of these variants were compared with those of the corresponding encapsulated strains. No significant differences in the efficiencies of transformation of encapsulated strains and their non-encapsulated variants were found ( Table 4) . This suggested that the presence of type b capsule did not inhibit DNA transformation. Non-encapsulated variants derived from encapsulated non-transformable strains remained non-transformable, indicating that the presence of capsule was not responsible for the lack of transformation.
Development of competence in H . infuenzae type b
Lack of transformability in a large number of clinical isolates of H. infuenzae type b using static aerobic conditions of growth suggested that competence may not occur during the early stationary phase of growth but rather at some other stage in the growth cycle. In order to test this hypothesis, the kinetics of competence development of two non-transformable and two transformable encapsulated clinical isolates of H. infuenzae type b and their non-encapsulated variants were tested. No detectable levels of competence were found at any stage in the growth cycle of the two non-transformable clinical isolates (data not presented). This suggested that the strains were probably naturally incompetent. Fig. 1 presents the kinetics of competence development and cell growth of the transformable encapsulated H. in-uenzae strain 12 and its non-encapsulated variant. The kinetics of competence of these strains followed a similar profile. The peak in competence was reached at the early stationary phase. This was also true for a second transformable encapsulated strain, 359 10, and its non-encapsulated variant (data not presented). It was concluded that the type b capsule does not inhibit the development of competence in H. influenzae.
Induction of Competence by the A4 IV procedure
The M IV procedure has been reported to be the most efficient procedure for induction of competence of the non-encapsulated strain Rd of H. in-uenzae (Herriott et al., 1970) . However, this method was not suitable for testing the ability of encapsulated clinical isolates to undergo genetic transformation or for studying the effect of the capsule on the transformation because it interferes with capsule synthesis. Since we were able to demonstrate that the presence of a capsule does not inhibit transformation, it was of interest to investigate whether clinical isolates that could not be induced for competence by the static aerobic procedures were able to develop competence in the defined M IV medium. Another point of interest was to compare the efficiency of transformation of competent cells induced by the static aerobic procedure with that of cells induced by the M IV method. Five non-transformable and three transformable isolates were tested for transformation efficiencies after induction of competence by the M IV method. We were not able to establish detectable levels of competence with the latter method in the strains that were previously found to be non-transformable by the static aerobic procedure. The three transformable strains showed efficiencies of transformation that were two to three times lower than those obtained in the cells induced by the static aerobic procedure when Strr and Nalr transformants were selected. These results were reproducible using three different batches of competent cells.
Relationship between transformability and other biological features
If DNA transformation is an important mechanism for the spread of drug resistance in nature, it might be expected that antibiotic-resistant strains would tend to be transformable. We designed an experiment to determine possible correlations between the presence of drug resistance in clinical isolates and their ability to undergo transformation. In naturally occurring drug-resistant clinical isolates, genes that confer resistance to clinically relevant antimicrobial agents are usually plasmid linked. However, we have not yet determined the presence of plasmids in our strains and have not studied the transforming ability of the naturally occurring drug-resistance genes. Instead, we examined the ability of the clinical isolates to be transformed * MICs of Amp, Cam and Tet were > 2 pg ml-l, >4 pg ml-l and >4 pg ml-l respectively. All Ampr strains t The strains were tested for sensitivity to seven antibiotics (see Methods).
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produced p-lactamase. None of the strains was resistant to Str, Ery, Nal and Nov.
by two chromosomal markers (Str' and Nal'). A correlation has previously been demonstrated in H. influenzae between competence development for transformation of chromosomal and plasmid markers respectively (Notani et al., 1981) . Our results (Table 5 ) showed that of the 17 drug-resistant strains tested, only five were transformable, while of the 14 drug-sensitive strains, eight were able to undergo transformation. It is not clear whether the presence of drug resistance has an inhibitory effect on transformation, as was reported by Stuy (1979) . Unlike the situation in Europe and the United States, where biotype I predominates (van Alphen et al., 1987), most of our isolates belong to biotype 11. Of the 31 isolates tested, six transformable and three non-transformable strains belonged to biotype I while six transformable and 12 non-transformable strains belonged to biotype 11. Only four strains belonged to biotypes I11 and IV ; one, a non-transformable strain, belonged to biotype IV and of the three biotype I11 isolates, two were non-transformable.
The ability of H. influenzae type b strains from patients with meningitis and bacteraemia to be transformed by chromosomal DNA was compared with that of strains from patients with pharyngitis. Of the 14 isolates from cerebro-spinal fluid, six were transformable, while two of seven blood cultures and three of 10 throat cultures were transformable. These observations are, however, too limited for valid conclusions to be drawn about a possible relationship between transformability and pathogenic potential.
DISCUSSION
Early studies on DNA transformation in H. influenzae provided evidence that nonencapsulated variants of type d were the most efficient recipients in DNA transformation, followed by those of type b, e and a, while non-encapsulated variants of type c and f were nontransformable (Alexander et al., 1953) . It was concluded that a correlation exists between frequency of transformation and serotype of origin. In contrast, we have found that encapsulated serotype b isolates show significant differences in their transformation ability, ranging from an apparent lack of transformation to a transformation activity of 8 x to 1 x 1 O-6. Considerable heterogeneity, based on outer-membrane protein and lipopolysaccharide gel profiles, occurs in strains of H. influenzae type b encountered in different geographical regions (Tolan et al., 1986; van Alphen et al., 1987) . It would be of interest to compare strains from different locations in order to ascertain whether they differ in their levels of competence as well as the ratio between transformable and non-transformable strains. Such studies should also be extended to include serotypes other than type b. The efficiency of transformation of H. influenzae Rd was 10-to 100-fold higher than that of type b isolates, when the static aerobic procedure for induction of competence was used. Since clinical isolates of H. influenzae type d were not available at the time, we were not able to examine whether type d strains were characteristically more efficient in transformation or whether this was a property of individual strains.
The finding that more than half of the H. injluenzae type b strains were non-transformable cannot at present be explained. However, the possibility cannot be excluded that, in nature, transformation occurs by a pathway different from that observed in vitro. It seems unlikely that the lack of competence was due to the absence of some unknown factor(s) necessary for competence development in the media used. In support of this conclusion was the finding that non-transformable strains were not able to develop Competence either by the static aerobic procedure or in the defined M IV medium. Although it is difficult to reproduce accurately conditions prevailing in the host, the static aerobic procedure seems to approximate better the natural environment in the upper respiratory tract than the procedure with the synthetic M IV medium.
The inability of some clinical isolates of H . injluenzae type b to be transformed is probably not due to the effect of restriction enzymes. Although Haemophilus bacteria are known to be a rich source of such enzymes, previous studies have demonstrated that they do not play a role in the exclusion of bacterial transforming DNA in uiuo (Gromkova & Goodgal, 1977) . In addition, isogenic DNA is usually protected against the action of restriction enzymes. However, an inhibitory effect on transformation by non-specific endodeoxyribonucleases cannot be excluded. Hoiseth et al. (1986) have recently shown that loss of encapsulation is related to recombination between two copies of an 18 kb tandem duplication. This finding may explain the relatively large number of non-transformable isolates recovered from clinical cases in this study since we were unable to obtain non-encapsulated variants from most of the nontransformable isolates, suggesting that they may be deficient in recombination.
The study of the relationship between the presence of capsule and transformability was one of the major objectives of this investigation. The type b capsule of H. injluenzae is reported to consist of a polymer of ribosylribitol phosphate (Zamenhoff et al., 1953; Crisel et al., 1975) . Recent studies on cellular changes that occur during the development of competence have provided evidence that competence is associated with the appearance of vesicles on the outer membrane (Kahn et al., 1979; Kahn & Smith, 1984) . These vesicles (called 'transformasomes') have been implicated in the uptake and transport of DNA during transformation (Kahn et al., 1983) . We found that the capsule does not interfere with DNA transformation, suggesting that discontinuity of the capsule or some other property of the capsule allows DNA molecules to overcome the capsular barrier. A recent report on the effect of the capsule of Streptococcus pneumoniae on DNA transformation indicates that the capsule inhibits the release of competence factor and that transformation may only occur after the addition of an exogenous competence factor (Yother et al., 1986) ; the efficiency of transformation of encapsulated S. pneumoniae was about fourfold lower than in the corresponding non-encapsulated variants. In contrast, in H. injluenzae type b, neither induction nor level of competence was affected by the presence of a capsule. The different effect of the capsule on DNA transformation in S. pneumoniae and H . influenzae type b may relate to differences in the mechanism of competence induction in the two systems or to the chemical composition of their capsules. However, a common feature of S. pneumoniae and H . iniuenzae type b transformation systems is that the presence of a capsule in clinical isolates is not responsible for their inability to transform. Furthermore, strain variation in transformability is characteristic of both systems (Bracco et al., 1957 
